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Statement of problem. Although the retention force of maxillary complete dentures has been
measured in numerous studies with different devices, the biomechanical mechanism associated
with the generation of this retention force cannot be determined.
Purpose. The purpose of this clinical study was to investigate whether 3-dimensional ﬁnite-element
analysis can be used to estimate the retention force of maxillary complete dentures.
Material and methods. The study included 12 participants (6 men and 6 women, mean 77.5 years
of age). Replicas of the maxillary complete dentures of all the participants were made using
scanning resin. The denture replicas were scanned using cone-beam computed tomography, and
3-dimensional ﬁnite-element models were constructed (dentures, mucosa, and jig). The tensile
site was located 5 mm anterior from the central point of the denture’s posterior border, and the
loading site was located at the central point of the central incisor edge and the right ﬁrst
premolar buccal cusp. The load was 10 N and perpendicular to the occlusal plane. One-way
ANOVA was calculated to determine any differences in the maximum principal stress value
among the 3 sites. The Games-Howell test for multiple comparisons was applied to determine
which sites were different. A Spearman rank correlation coefﬁcient was used to determine any
correlation between the retention force and maximum principal stress at measurement posterior
site, and a Pearson correlation coefﬁcient was used at the central incisor edge and premolar
buccal cusp (all a=.05). Comparative investigations of the association between the maximum
principal stress generated and the denture retention force were carried out.
Results. The stress distribution of the maximum principal stress at each measurement point was
similar for each participant. The maximum principal stress at the posterior site measurement was
signiﬁcantly higher than measurements at the incisor edge and posterior buccal cusp (P<.01). The
maximum principal stress the posterior and incisor edge sites were found to be correlated (P<.05).
Conclusions. This study results suggest that although more factors need to be considered, a
3-dimensional ﬁnite-element analysis may be used to estimate the retention force of maxillary
complete dentures. (J Prosthet Dent 2016;-:---)The increasing aging of Japa-
nese society is expected to
result in an increase in the
number of people wearing
complete dentures.1 Moreover,
greater longevity will also lead
to a rise in the number of
patients with intractable dis-
eases. Complete denture treat-
ment has a major effect on the
quality of life of elderly people,
and the quality of this treat-
ment will need to improve in
the future.2 The factors involved
in determining the quality of
complete denture treatment
include physical, biological, and
mechanical factors, and a range
of studies have investigated the
association of these factors with
denture retention force.3-8 The
proper balance of these factors
provides complete dentures
with retention and stability,
improving their wearers’ quality
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Replica denture for each participant
fabricated using scanning resin
Replica dentures scanned using
cone-beam computed tomography
FEA software program
MECHANICAL FINDER v.6.2
3-dimensional FEA models created with denture,
mucosa, and jig to cover denture
Figure 1. Procedure for FEA model creation. FEA, ﬁnite-element analysis.
Figure 2. Replica of maxillary complete denture, fabricated using
scanning resin.
Clinical Implications
If 3-dimensional ﬁnite-element analysis can be used
to measure the retention force of maxillary
complete denture, this will enable the accurate
measurement of stress distribution during denture
dislodgement and help in designing more
comfortable dentures with higher retention force.
2 Volume - Issue -have been used in the assessment of the retention force of
maxillary complete dentures.9,10 The Department of Geri-
atric Dentistry at Showa University of Dentistry has
developed a simple device of demonstrated utility that can
be used to measure denture retention force at the chair-
side.11 Even when these devices are used, however, the
biomechanical mechanism for the generation of retention
force in maxillary complete dentures cannot be deter-
mined. Three-dimensional ﬁnite-element analysis (FEA), a
method of biomechanical analysis, may provide a solution
to this problem. Its advantages include the ability to esti-
mate the internal dynamic response of objects that are
difﬁcult to measure in experimental analysis, the ability to
isolate diverse physical data such as stress, deformation,
and displacement after analysis is complete, and the rela-
tive ease with which conditions can be set compared with
other methods of biomechanical analysis. Many studies
have used 3-dimensional FEA to analyze the internal stress
and distortion of dentures and the mucosa beneath dental
bases, and it is the mainstream method of biomechanical
analysis in dentistry.12-14
In recent years, complete denture treatment using
computer-aided design and computer-aided manufacturing
(CAD-CAM) has been developed.15 Compared with the
conventional method, CAD-CAM reduces the number of
visits and cost to the patient.16 However, poor compati-
bility immediately after production results in the inability
to obtain sufﬁcient retentive force.17,18 Denture adhesive
sometimes improves the stability of dentures, increasing
the patient’s satisfaction.19,20 However, denture adhesive
is expensive and involves the difﬁculty of cleaning. Using
3D FEA to estimate the optimum shape may increase
complete denture retention force and improve patient
satisfaction.
FEA enables more accurate simulations by dividing
the analytic model into smaller elements, setting more
detailed load conditions and values for physical proper-
ties, and introducing temporal elements into nonlinear
analyses and motion analysis. However, the use of
detailed conditions still unavoidably necessitates a long
period of analysis. In the industrial sector, FEA is used in
ﬁrst-order analysis at the initial stages of structural
design, in which the details are simpliﬁed with the aim of
understanding overall trends.21 In this study, a ﬁrst-orderTHE JOURNAL OF PROSTHETIC DENTISTRYanalysis was used to advance the mechanical analysis of
maxillary complete dentures. The 3D FEA was tested as a
method of biomechanical analysis to determine whether
it could be used to estimate the retention force of
maxillary complete dentures. Estimation of retention
force is thought possible if FEA can correlate denture
retention force and stress.
MATERIAL AND METHODS
The study included 12 edentulous participants (6 men and
6 women, mean 77.5 years of age) whose dentures could
be scanned by cone-beam computed tomography (CBCT)
and who had undergone measurements of the retention
force of maxillary complete dentures as part of a previous
study.22 An FEAmodel was produced for each participant,
and the association between the stress values derived
from this analysis and the values for denture retention
force in the previous study were measured.22 Figure 1
shows the procedure for the creation of 3D FEA models.Ogawa et al
Figure 3. FEA model. A, Denture. B, Mucosa, designed to have thickness
of 2 mm from intaglio of denture. C, Device, designed to have thickness
of 3 mm from polished surface of denture. FEA, ﬁnite-element analysis.
Table 1. Values for physical properties in FEA model
Material Young Modulus Poisson Ratio
Denture 2650 0.3
Mucosa 3.5 0.4
Jig 2250 0.3
Figure 4. Longitudinal width set as 1.5 mm from mucosal posterior
border and transverse width as distance between hamular notches on
both sides.
- 2016 3Impressions of the polished and intaglio surfaces of
the participants’ maxillary complete dentures were made
with a silicone impression material (Examixﬁne paste
type and injection type; GC America Inc), the impression
surfaces were ﬁlled with radio-opaque autopolymerizing
resin (Scanning resin; Yamahachi Dental Mfg Co), mol-
ded to create denture replicas (Fig. 2). The denture rep-
licas were immobilized in a CBCT scanner (3DX
Multiimage Micro CT; Morita), and CBCT images were
scanned under the following imaging conditions: tube
voltage, 90 kV; tube current, 5 mA; and slice thickness,
0.16 mm. The CBCT data were used to construct 3D FEA
models with software (Mechanical Finder; Research
Center of Computational Mechanics Inc) (Fig. 3A). A
2-mm-thick mucosal layer was modelled on the mucosal
surface of the dentures thus constructed (Fig. 3B). In the
previous study, hooks were used for tensile measurement
and jigs to prevent the dentures from fracturing. A 3-mm
jig was therefore constructed on the polished surface of
the dentures (Fig. 3C).
Tetrahedral elements were used as the mesh shape
and divided into a total of approximately 70 000 nodes
and approximately 350 000 elements. The dentures,Ogawa et almucosa, and jig were all treated as homogeneous
isotropic linear-elastic structures. The values of the
Young modulus and Poisson ratio in the FEA models
were set at 2650 MPa23 and 0.324 for the dentures, 3.5
MPa25 and 0.423 for the mucosa, and 2250 MPa26 and
0.326 for the jig (Table 1). The load points in the FEA
models were set as tension and the compression points
in accordance with those used in a previous study.22
The tensile measurement was made 5 mm anterior
from the central point of the posterior border of the
denture (site P). The loading measurements were per-
formed at the point located between the left and right
incisor edges (site IE) and the right ﬁrst premolar buccal
cusp (site PC). Load points were designated at each load
site on the FEA model, and the load was applied
perpendicular to the occlusal plane of the complete
dentures. Tensile measurements were recorded when a
load of 10 N was applied downward with respect to the
occlusal plane, and compression measurements were
obtained when this load was applied upward.
The nodes on the bone adhesion surface of the
mucosa beneath the base were assumed to represent
adhesion to the bone surface and were all designated
constraint points. The boundary conditions between the
dentures and the mucosa were set as adhesion condi-
tions. The boundary conditions between the dentures
and the jig were set so that there was adhesion only
between the prosthetic teeth and the jig, with contact
conditions set in other areas. For both tensile and
compression measurements, the analysis domain was set
as the posterior border of the mucosa on the assumptionTHE JOURNAL OF PROSTHETIC DENTISTRY
Figure 5. Diagram of maximum principal stress distribution during
tension at measurement site P. Maximum principal stress concentrated
at mucosal posterior border. A, Participant no. 1. B, Participant no. 2. C,
Participant no. 3. P, posterior border.
Figure 6. Diagram of maximum principal stress distribution during
compression at measurement site IE. Maximum principal stress
concentrated on vicinity of both side hamular notches at mucosal
posterior border. A, Participant no. 1. B, Participant no. 2. C, Participant
no. 3. IE, incisor edge.
4 Volume - Issue -of a break in the border seal at the posterior border of the
prosthesis leading to denture detachment (Fig. 4).
The longitudinal width was set at 1.5 mm from the
mucosal posterior border, and the transversewidthwas set
at the distance between thehamular notches onboth sides.
The transverse width was subdivided into 5 smaller do-
mains for analysis to account for the curve of the mucosal
posterior border. Of the 5 subdomains, the value for the
subdomain that exhibited the greatest principal stress at aTHE JOURNAL OF PROSTHETIC DENTISTRYnode or element was taken as the representative value for
each participant. The maximum principal stress generated
at the mucosal posterior border under each loading con-
dition was compared for each individual participant.
The correlation between the maximum principal
stress at measurement sites IE and P and measurement
sites PC and P, for which correlations had been found in
previous study, were investigated. The correlationsOgawa et al
Figure 7. Diagram of maximum principal stress distribution during
compression at measurement site PC. Maximum principal stress
concentrated on left side of mucosal buccal border and on right side of
mucosal posterior border. A, Participant no. 1. B, Participant no. 2. C,
Participant no. 3. PC, premolar buccal cusp.
Table 2. Values of maximum principal stresses and retention forces at
measurement sites P, IE, and PC
Force
Measurement Site (mean ±SD)
P IE PC
Maximum principal
stress (MPa)
0.0134 ±0.0030 0.0086 ±0.0029 0.0058 ±0.0012
Retention force (N) 2.71 ±1.29 2.89 ±1.24 3.95 ±1.5
IE, incisor edge; P, posterior border; PC, premolar buccal cusp.
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Figure 8. Maximum principal stress generated during loading at each
measurement site in FEA model. Stress greatest at measurement site P,
where it was signiﬁcantly higher than that at measurement sites IE and
PC (P<.01). FEA, ﬁnite-element analysis; IE, incisor edge; PC, premolar
buccal cusp.
- 2016 5between the denture retention forces under various
loading conditions measured in previous study and the
maximum principal stress generated at the mucosal
posterior border were evaluated to investigate their
association. Statistical software (SPSS Statistics v19;
IBM Corp) was used for the statistical analysis. One-
way ANOVA was calculated to determine any differ-
ences in the maximum principal stress value among theOgawa et al3 sites. The Games-Howell test for multiple compari-
sons was applied to determine which sites were
different. A Spearman rank correlation coefﬁcient was
used to investigate the correlation between the
maximum principal stress at measurement sites P and
denture retention force. A Pearson correlation coefﬁ-
cient was used to investigate the correlation between
the maximum principal stress at measurement sites IE
and PC and the denture retention force (all a=.05).
RESULTS
Typical stress distribution diagrams of 3 participants are
shown in Figures 5 to 7. Mean values and standard
deviations ofmaximumprincipal stress and retention force
for measurement sites P, IE, and PC are shown in Table 2.
Figure 8 and Table 3 show comparisons of the values for
the maximum principal stress generated during loading at
each measurement site. One-way ANOVA showed that
the values were signiﬁcantly higher at measurement site P
than at IE and PC (P<.01). Figure 9 shows the results from
the analysis of the association between the maximum
principal stress at measurement sites IE and P and
between those at PC and P. The meanmaximum principal
stress at IE and P increased as the maximum principal
stress at measurement site P increased. The Pearson cor-
relation analysis revealed a signiﬁcant positive correlation
between IE and P (r=0.609, P<.05). No signiﬁcant corre-
lation was found between PC and P (P>.05). Figures 10THE JOURNAL OF PROSTHETIC DENTISTRY
Table 3.Games-Howell multiple comparisons for maximum principal
stresses at measurement sites P, IE, and PC
Measurement
site
Difference
Between Mean
Values (I) − (J)
Standard
Error P 95% CI(I) (J)
P IE 0.0048 0.0012 .004 0.0013-0.0083
PC 0.0076 0.0009 .000 0.0047-0.0104
IE P -0.0048 0.0012 .004 -0.0083 to -0.0013
PC 0.0028 0.0009 .051 0.0000-0.0055
PC P -0.0076 0.0009 .000 -0.0104 to -0.0047
IE -0.0028 0.0009 .051 -0.0055 to 0.0000
I, XXX; IE, incisor edge; J, XXX; P, posterior border; PC, premolar buccal cusp.
6 Volume - Issue -and 11 show an analysis of the association between
maximum principal stress and the actual retention force
measured in a previous study of the same participants. The
Spearman rank correlation coefﬁcient showed no signiﬁ-
cant correlations between maximum principal stress at
sites P and the retention force values obtained from the
previous study (P>.05). The result of the Pearson correla-
tion coefﬁcient showed that sites IE and PC did not reveal
any signiﬁcant correlations between maximum principal
stress and the retention force values obtained from the
previous study (P>.05).
DISCUSSION
Estimation of retention force is thought possible if FEA
can correlate denture retention force and stress. How-
ever, in this study, a clear correlation could not be found
between stress value and denture retention force. The
estimation of retention force using the conditions eval-
uated was difﬁcult. The 3D FEA software used in this
study is capable of constructing model shapes directly
from CT images converted to Digital Imaging and
Communications in Medicine (DICOM) data. Replicas of
the participants’ dentures were fabricated in radio-
opaque autopolymerizing resin, enabling easy acquisi-
tion of CT images. Because the FEA models produced in0.015
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principal stress at measurement site IE and at site P (P<.05). B, sites PC and
PC and at site P. IE, incisor edge; P, posterior border; PC, premolar buccal cu
THE JOURNAL OF PROSTHETIC DENTISTRYthis study treated the entire dentures as a single linear-
elastic structure, they made no distinction between
prosthetic teeth and the resin used for the base.
Future models should consider the structural ele-
ments of different types of dentures for analysis. To keep
the model simple, the mucosal thickness was set at a
uniform 2 mm in each prosthesis. In clinical practice,
however, mucosal thickness varies between individuals
and in different parts of the alveolar ridge.25 The feasi-
bility of the reproduction of the interparticipant variability
in mucosal thicknesses should be determined to carry out
more clinical simulations.
In this study, a jig was incorporated into the model
construction to make the measurement conditions as
similar as possible to those of the previous study. When
tensile load points were designated in models con-
structed without the inclusion of a jig, localized stress
concentrations were immediately observed below the
load points. This model, which included a jig component,
was able to simulate the indirect application of tension to
the dentures, extending the spread of the stress distri-
bution. This model construction was adopted as it
enabled a closer approximations of the conditions of the
previous study. In FEA, simulating conditions such as
situations constrained by the lips and buccal mucosa,
negative pressure inside the denture base associated with
the border seal, and the interposition of a liquid phase is
difﬁcult. In this study, the boundaries between the den-
tures and mucosa for each participant were treated as
boundary conditions, with the denture base adhering
closely to the mucosa. Under this condition, the
boundary conditions in all the FEA models were
consistent, and reproducing individual variation was
difﬁcult.
In the previous study, however, measurements were
carried out with artiﬁcial saliva sprayed on the intaglio of
the dentures before each measurement to eliminate the
effects of dry mouth and the viscosity of saliva. This meantr = 0.261, P > .05
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Figure 10. Correlation between retention force and maximum principal
strength. A, site P. B, site IE. C, site PC. No signiﬁcant correlation between
denture retention force and maximum principal stress. IE, incisor edge; P,
posterior border; PC, premolar buccal cusp.
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Figure 11. Associations between maximum principal stress and
differences in denture retention force at measurement sites P, IE, and PC.
IE, incisor edge; P, posterior border; PC, premolar buccal cusp.
- 2016 7that the state of the saliva in the mouths of the participants
was uniform. Therefore individual difference of boundary
conditions were not considered in this study. In a previous
study, the jig was immobilized against the dentures by
using undercuts in the prosthetic teeth. Denture adhesive
was also interposed to further strengthen the bond. This
was regarded as having resulted in ﬁrm ﬁxation, and, in the
FEA models, the boundary between the jig and the pros-
thetic teeth in the dentures was treated as an adhesive
condition, while the boundary with the denture base was
treated as a contact condition. The maximum principal
stress at site P was signiﬁcantly higher than that at sites IE
and PC (P<.01). As the same load was applied to the loadOgawa et alpoints, this suggested that sites IE and PC tend to exert less
stress on the mucosal posterior border compared with site
P. This means that loading at site IE and PC is less likely to
result in denture detachment comparedwith loading at site
P.
That the boundary between the dentures and the
mucosa was an adhesive condition may have meant some
interference by the palatal mucosa before the stress
generated during site IE, PC loading reached and atten-
uated the posterior border of the base. In the previous
study, the results showed that the retention
force generated during IE and PC loading correlated
signiﬁcantly with the retention of force during P loading
and that the correlation was stronger between the reten-
tion force of IE and that of P. In the present study, the
results show that the maximum principal stress at IE was
strongly correlatedwith themaximumprincipal stress at P.
This supports the ﬁndings of the previous study, which
revealed that, as it does not require a jig, IE is an appro-
priate site for measuring denture retention force.
No signiﬁcant correlation was found between the
values of maximum principal stress at P and that at PC.
This may be because the prosthetic central incisors were
aligned anteriorly to the crest of the alveolar ridge, while
the alignment of the premolars and their positional
relationship with the crest of the alveolar ridge varies
greatly among individuals. Therefore, no correlation was
found between the values for maximum principal stress
determined in this study and the values for retention
force measured in previous study.
Factors required for the generation of denture reten-
tion force include the surface tension of the liquid phase,
viscosity of saliva, the border seal formed by denture
ﬁtting, and soft tissue dynamics, including those of the
mucosa beneath the dental base.27 However, the FEA
model used in this study did not consider the ﬂuid
changes or physical properties of an intervening liquid
phase, which might affect the tendencies of denture
retention force and maximum principal stress.THE JOURNAL OF PROSTHETIC DENTISTRY
8 Volume - Issue -Studies have also found that the amount of relief has
little effect on complete denture retention force28; how-
ever, ﬂuid mechanics need to be considered to account for
the viscosity-mediated effects of saliva. Sufﬁcient consid-
eration was also not given to the border seal of dentures
because of the lack of surrounding tissues such as the
buccal mucosa. The effect of the post-dam compression
site that is required to seal the posterior border ofmaxillary
complete dentures was difﬁcult to incorporate into the
settings for the conditions in thismodel. To account for the
border seal, a model that includes the buccal mucosa and
other soft tissues would need to be constructed, and the
boundary conditions between the dentures and the
mucosa would need to be improved.
The estimation of the retention force using FEA is
difﬁcult because a clear correlation is not observed
between retention force and stress. In the future, boundary
conditions, mucous membrane properties, and the effects
of saliva could be considered in determining the correla-
tion between retention force and stress. Since a large
number of factors are involved in retention force, more
factors need to be incorporated based on the results from
the model in this study in order to explain individual
variations in retention force. This model may provide the
foundations for working toward a more accurate model by
improving the condition settings in future studies.
CONCLUSIONS
The results of this study suggest that 3D FEAmay be useful
to estimate the retention force of maxillary complete den-
tures. This would enable accurate measurement of stress
distribution during denture dislodgement and help design
more comfortable dentures with higher retention. This
would be particularly helpful in situations where adhesives
are used and poor patient compliance is reported.REFERENCES
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